Abstract
X.-Q. Zheng, J. Lee , at ~300K), outstanding thermal tolerance (maintaining mechanical properties up to 1300 C) and chemical stability. 6 These characteristics, combined with readily available microfabrication techniques, make these WBG crystals technologically critical materials for advanced micro/nanoelectromechanical systems (M/NEMS) beyond the conventional counterparts based upon silicon (Si). By exploiting these advantageous properties, great progresses have been made in SiC and GaN M/NEMS, 6, 7, 8, 9 for sensing and detection of physical quantities, and low-power signal processing at radio frequencies, especially for high-temperature and harsh-environment scenarios.
As an emerging ultra-wide band gap (UWBG) semiconductor, β-Ga2O3 has recently attracted increasing interest due to its UWBG (Eg,β-Ga 2O3  4.54.9 eV) that is significantly wider than those of GaN and SiC. 10, 11 It offers very high critical field strength (ℰbr,β-Ga 2O3 = 8 MV cm at room temperature. 12, 13, 14, 15, 16 These make β-Ga2O3 a promising contender for future generation power devices. 15, 17, 18 Beyond electrical properties, β-Ga2O3 also exhibits excellent mechanical strength (Young's modulus EY,β-Ga 2O3 = 232 GPa) along with extraordinary chemical and thermal (melting point at 1820 °C) stability. 19, 20 The excellent ensemble of attributes in β-Ga2O3 makes it suitable for new UWBG M/NEMS beyond SiC and GaN M/NEMS. Further, β-Ga2O3 is sensitive to solarblind UV light, 21, 22 and offers reversible response to oxidation and reduction gases, 23 enabling UV light and gas sensing applications. Importantly, in contrast to other demonstrated WBG M/NEMS materials including SiC, diamond, and GaN, bulk β-Ga2O3 crystals can be made by homoepitaxy (thus preventing threading dislocations) and other more cost-effective melting growth methods, such as Czochralski (CZ), 24, 25 floating zone (FZ), 26, 27, 28 and edge-defined film-fed growth (EFG) 29 techniques. The variety of synthesis methods have already led to realization of various β-Ga2O3 32 and nanosheets. 33 Given these exciting and promising properties, in parallel to currently active pursuit of electronic devices, it is intriguing to explore β-Ga2O3 as a new structural material for M/NEMS; and it is important to gain knowledge and understanding of its mechanical properties down to the nanoscale. Towards these objectives, here we perform the first experiments on studying and exploiting mechanical properties of β-Ga2O3 nanoflakes by realizing the first robust β-Ga2O3 nanomechanical devices, from material synthesis to device fabrication and characterization. Employing all-dry-transfer techniques, we fabricate suspended β-Ga2O3 diaphragms based on β-Ga2O3 nanoflakes 34 synthesized by low-pressure chemical vapor deposition (LPCVD). 35, 36 Using an ultrasensitive laser optical interferometry measurement system, we detect the undriven thermomechanical motion of these nanoresonators, from which we examine thermal annealing effects and resolve the β-Ga2O3 is the most stable polymorph of Ga2O3 which has a monoclinic crystalline structure ( Figure 1a ). 37 The construction of β-Ga2O3 suspended nanomechanical resonators starts with the synthesis of β-Ga2O3 nanoflakes. Using a LPCVD method, 34 we grow β-Ga2O3 nanostructures on a 3C-SiC epi-layer on Si substrate at a growth temperature of 950 °C for 1.5 hours, using high purity Ga pellets and O2 (Ar as carrier gas) as source materials ( Figure We then conduct optical resonance measurements on the β-Ga2O3 circular drumhead diaphragms: a He−Ne (633 nm) laser is focused upon the suspended β-Ga2O3 device to interferometrically detect the out-of-plane motion of the diaphragm (Figure 1d ). The laser scanning interferometry detection system has been engineered to achieve: Table S2 ), further confirming the alleviation of dissipation pathways by thermal annealing. To quantitatively understand the measured resonances, we first perform analysis on multimode resonances and frequency scaling for these circular -Ga2O3 diaphragms. In any given circular drumhead device, both flexural rigidity (dominated by thickness and elastic modulus) and built-in tension (stress) can be important, thus we have,
where m denotes the mode number, a is the radius of circular resonator, D is the flexural rigidity
with t being the thickness of the device, ν is the Poisson's ratio, ρ is the volume mass density of -Ga2O3, and γ is the surface pre-tension evenly distributed in the plane.
Equation (1) yields a 'mixed elasticity' model that captures both the 'disk' and 'membrane' limits of frequency scaling for such devices, as well as the transition between these two regimes. . For circular drumhead resonators in the 'disk' regime, the builtin tension has negligible effect on determining the resonance frequency. Therefore, if the device is in the 'disk' regime, the Young's modulus can be revealed from measured fundamental-mode resonance frequency 0 by
with   . Thermomechanical resonance spectra of (a) before and (c) after thermal annealing (250 C, 1.5 hrs) with zoomed-in individual resonance spectra with fitted fs and Qs (panels in (b) and (d), respectively), and spatial mapping and visualization of the resonance mode shapes (insets of (a) and (c)).
-9- Importantly, the multimode spatial mapping reveals mechanical properties and features that could be otherwise not visible or measurable, thus shedding more light on understanding these circular drumhead resonators. As shown in Figure 3c , the multimode device measured in Figure   4 These newly resolved non-uniform, anisotropic components of built-in tension in these devices are very reasonable and intuitively understandable, as they can be likely introduced during the nanoflake dry-transfer process where the axis -along which the polymeric tape is pressed down to make contact to substrate and is then lifted up -is likely to build a higher stress component than along its perpendicular direction. Not only does this show nanomechanical resonances with multimode spatial mapping are a powerful probe for revealing device properties that are otherwise invisible or unmeasurable, but also it helps pave the way for future nanomechanical engineering of β-Ga2O3 crystals toward electromechanical and opto-electromechanical devices that harness the crystal's unique properties, which will greatly supplement the rapidly emerging β-Ga2O3 electronic devices.
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Methods β-Ga 2 O 3 Nanoflake LPCVD Synthesis
The construction of β-Ga2O3 drumhead resonators starts with the synthesis of low-dimensional β-Ga2O3 nanoflakes by using a low-pressure chemical vapor deposition (LPCVD) method. 34 The nanoflakes are synthesized on a 3C-SiC epi-layer on a Si substrate in a conventional tube furnace with programmable gas and temperature controllers. Over a 1.5 hour period at a growth temperature of 950 °C, using high purity Ga pellets (Alfa Aesar, 99.99999%) as source material and O2 as a gaseous precursor, the formation of β-Ga2O3 proceeds, step by step, from β-Ga2O3 nanocrystals to β-Ga2O3 nanorods, and then nanoflakes, without any foreign catalyst ( Figure S1 in SI). The as-grown nanoflakes have widths of ~230 μm and thicknesses of ~20140 nm.
Suspended Diaphragm Fabrication
Large arrays of microtrenches are lithographically defined and fabricated on a 290 nm-SiO2-on-Si substrate. The SiO2 layer is patterned with circular microtrenches using photolithography, and 
Atomic Force Microscopy (AFM) and Raman Spectroscopy
AFM measurements are conducted with an Agilent 5500 AFM using tapping mode. Raman measurements are performed using a customized micro-Raman system that is integrated into the scanning laser interferometric resonance measurement system (Figure 1d) . A 532 nm laser is -13-focused on the transferred β-Ga2O3 flake using a 50× microscope objective. The typical laser spot size is ∼1 µm. Raman scattered light from the sample is collected in backscattering geometry and then guided to a spectrometer (Horiba iHR550) with a 2400 g mm −1 grating and 2 min integration time. The Raman signal is recorded using a liquid-nitrogen-cooled CCD. The spectral resolution of our system is ∼1 cm −1 .
Scanning Laser Interferometry and Spectromicroscopy
Resonances of the circular β-Ga2O3 drumhead resonators are characterized using scanning laser interferometry detection techniques (Figure 1d) . A 633 nm He-Ne laser is focused on the device surface for detection of the motion-modulated interference between multiple reflections from the vacuum-flake, flake-cavity and cavity-Si interfaces, which is read out by a low-noise photodetector. A spectrum analyzer is used to measure the signal from the photodetector. We apply an incident laser power of ∼2.8 mW to the devices which are preserved under moderate vacuum conditions (∼20 mTorr) to ensure reasonable signal-to-noise ratio while avoiding overheating. For a given resonance mode, performing the scanning spectromicroscopy measurements yields the spatial mapping and visualization of the mode shape of this resonance.
All the interferometry measurements in this work are done at room temperature.
Displacement Sensitivity
We calculate the resonator thermomechanical noise in the displacement domain using 4 1
When the device is on resonance (=m), the expression simplifies to
where m Using this analysis, the displacement spectral density of the resonator can be calculated. Hence, we determine the responsivity of the laser interferometry system 
S1. Material Synthesis and Resonator Fabrication
The construction of β-Ga2O3 drumhead resonators starts with the synthesis of single-crystal β-Ga2O3 nanoflakes by using a low-pressure chemical vapor deposition (LPCVD) method. 1 The nanoflakes are synthesized on top of a 3C-SiC epi-layer on Si substrate in a tube furnace with programmable gas and temperature controllers. We use high purity Ga pellets (Alfa Aesar, 99.99999 %) as source material and O2 as a gaseous precursor. With a growth temperature of 950 °C for 1.5 hours, the formation of β-Ga2O3 proceeds, step by step, from β-Ga2O3 nanocrystals to β-Ga2O3 nanorods, and then nanoflakes, without any foreign catalyst ( Figure S1 ).
The as-grown nanoflakes have widths of ~230 μm and thicknesses of ~20140 nm. 
Using the synthesized β-Ga2O3 nanoflakes, we fabricate suspended β-Ga2O3 nanostructures by employing an all-dry transfer technique ( Figure S2 ). With the assistance of thermal release tape, we pick up the β-Ga2O3 nanoflakes from the as-grown samples and thermally release the flakes to a pre-fabricated 290 nm-SiO2-on-Si substrate with pre-defined arrays of circular microtrenches. Using this method, we fabricate β-Ga2O3 circular drumhead resonators with thicknesses of ~20 to ~80 nm and diameters of ~3.2 μm and ~5.2 μm. 
S2. Raman Spectroscopy
To characterize the crystalline properties of the -Ga2O3 nanoflakes after transfer, we examine Raman scattering signatures of suspended β-Ga2O3 flakes using a 532nm laser. We find Raman ( Figure S3 ) from our devices, which very well match Raman modes of bulk -Ga2O3, 2 showing high crystal quality of the -Ga2O3 nanoflakes after the transfer process. To further study the effects of thermal annealing on the crystalline properties of β-Ga2O3 resonators, we measure the Raman spectrum of a β-Ga2O3 flake at two different locations both before and after annealing ( Figure S4 ). The thermal annealing is performed at 250 C in a vacuum of ~500 mTorr for 1.5 hours. To precisely determine the Raman signatures, we fit each peak with a Lorentzian curve. Table S1 summarizes the Raman peak positions and values of full width at half maximum (FWHM) for four β-Ga2O3 Raman peaks measured from the fitted spectra in Figure S4 . We find that the Raman peak positions after annealing are consistent with those before annealing: peak shifts are within the spectral resolution of our measurement system (~1 cm -1 ), indicating the change of strain level, if any, is very small and below the strain sensitivity of Raman spectroscopy. 
For devices the in 'disk' regime, the deflection for the fundamental mode as a function of the radial position r (0 ≤ r ≤ a) is given by
where J0 is the 0 th -order Bessel function J, I0 is the 0 th -order extended Bessel function I, and (kma) 2 is the eigenvalue (e.g., (k0a) 2 = 10.215 for the fundamental mode of the resonator in the 'disk' limit). By plugging Equation (S7) into Equation (S6), the fundamental mode effective mass of a resonator in the 'disk' regime is M0,eff = 0.1828M. For the devices falling in the transition regime, we calculate the effective masses by incorporating the mode shapes, computed by using finite element method (FEM, in COMSOL Multiphysics) simulations, into Equation (S6).
We assume laser heating is minimal because the photon energy of 633nm laser (1.96eV) is much lower than the bandgap of β-Ga2O3 (4.5-4.9eV) and, therefore, device temperature remains at room temperature (T300K). Using aforementioned analysis from Equation (S1) to (S7), displacement domain thermomechanical noise with uniform, complete circular suspension ( Figure S5 shows images of devices with non-ideal geometries that are not included), we extract the Young's moduli of β-Ga2O3 nanoflakes. An averaged Young's modulus extracted from these 5 devices is 261GPa. 
We find that in the 'membrane' regime, the resonance frequency is following the power law of f  t -1/2 , while in the 'disk' regime, the resonance frequency is proportional to the device
We analyze the dependency of resonance frequencies in different modes on device thickness for β-Ga2O3 circular drumhead resonators by plotting ω-t plot using Equation (S8) ( 
S5. Summary of Devices
Here we summarize in Table S2 the parameters and specifications of all the devices we studied in this work. 
